We have studied the tunneling of spin-wave pulses through a system of two closely situated potential barriers. The barriers represent two areas of inhomogeneity of the static magnetic field, where the existence of spin waves is forbidden. We show that for certain values of the spin-wave frequency corresponding to the quantized spin-wave states existing in the well formed between the barriers, the tunneling has a resonant character. As a result, transmission of spin-wave packets through the doublebarrier structure is much more efficient than the sequent tunneling through two single barriers. DOI: 10.1103/PhysRevLett.99.127204 PACS numbers: 75.30.Ds, 75.40.Gb Since spin-wave frequencies (energy) depend on the applied magnetic field, a spin wave can be reflected by an inhomogeneity of the magnetic field, if the inhomogeneity creates a potential barrier, i.e., an area where the existence of spin waves for a given frequency (energy) is forbidden [1] . Recently, it has been shown that spin waves can pass through a potential barrier if the barrier is narrow enough [2] . This phenomenon has been called spin-wave tunneling, since it is reminiscent of the quantummechanical tunneling of an elementary particle through a potential barrier. Similar phenomena have been also reported and intensively studied during the last decade for electromagnetic waves [3] [4] [5] [6] [7] .
Since spin-wave frequencies (energy) depend on the applied magnetic field, a spin wave can be reflected by an inhomogeneity of the magnetic field, if the inhomogeneity creates a potential barrier, i.e., an area where the existence of spin waves for a given frequency (energy) is forbidden [1] . Recently, it has been shown that spin waves can pass through a potential barrier if the barrier is narrow enough [2] . This phenomenon has been called spin-wave tunneling, since it is reminiscent of the quantummechanical tunneling of an elementary particle through a potential barrier. Similar phenomena have been also reported and intensively studied during the last decade for electromagnetic waves [3] [4] [5] [6] [7] .
Study of spin-wave tunneling is of importance for both fundamental physics and future technical applications of spintronic nanodevices. Tunneling and tunnelingassociated nonlinear phenomena are now intensively studied for atomic Bose-Einstein condensates (see recent reviews [8, 9] ). As has been recently shown, the tunnelingassociated dynamics of Bose-Einstein condensates in complex potentials brings a lot of new knowledge to the physics of universal nonlinear phenomena [8, 9] . The spin-wave system is a superb model object for general understanding and theoretical description of the tunneling phenomenon, since (i) creation of local inhomogeneities of the static magnetic field proposed in [2] can be easily used for realization of potential profiles with complex geometry; (ii) spin waves nicely demonstrate nonlinear effects, which are difficult to observe in other systems [10, 11] ; (iii) the Hamiltonian, describing spin waves is nonlocal, i.e., the corresponding operator is integrodifferential [2] , which makes the theoretical analysis of spin-wave tunneling much more challenging than that of usual particles. Moreover, experiments on the spin-wave tunneling can help in manipulation of recently discovered roomtemperature Bose-Einstein condensates of spin-wave quanta (magnons) [12] and investigations of their dynamics.
Study of spin-wave tunneling through forbidden regions is also of significant importance for understanding of spinwave coupling and nonlinear phase locking in arrays of spin-torque-transfer nano-oscillators [13] , which are considered now as potential candidates for nanometer-scale microwave sources for communication technology [14, 15] . As recently shown [16, 17] , a local potential well for spin waves created in the area of the oscillator significantly suppresses the radiation of current-induced spin waves into the surrounding magnetic film, which leads to a weakening of spin-wave coupling between neighboring nanooscillators. Therefore, deep understanding of spin-wave tunneling processes should help to increase the spin-wave radiation by oscillators and to optimize the spin-wave coupling in oscillator arrays.
In this Letter we report on the experimental observation of resonant tunneling of spin waves via quantized states in a potential well, created between two closely situated potential barriers. Our results show that spin-wave quantization phenomena arising due to the spin-wave confinement in the well [18] can lead to a significant enhancement of the spin-wave tunneling through the double-barrier system. Using a simple model we relate the frequency of the resonant tunneling with parameters of the well. These data can be used for verification of future theories describing quantum ensembles with a long-range interaction and for determination of the general boundary conditions for dynamic magnetization in the case of spin-wave reflection from a potential wall.
The sketch of the experimental setup is shown in Fig. 1 . As a medium for spin-wave propagation we used 1 30 mm 2 stripes made of an epitaxial film of yttrium iron garnet (YIG) with the thickness of 5 m. The excitation and detection of spin waves were done by means of microstrip antennae with the width of 50 m and the length of 3 mm attached to the YIG stripe at a distance of 7.5 mm from each other. At the propagation path of spin waves two gold wire conductors were placed perpendicularly to the wave propagation direction. They were used for the local modification of the static magnetic field and creation of potential barriers for spin waves by means of transmission of a direct electric current with the strength I B in the range from 0 to 1 A. The conductors had the diameter of 50 m. The distance between their axes was L 115 m. The uniform static magnetic field H 700-2000 Oe was applied in the plane of the film perpendicularly to the antennae, which corresponds to the geometry of the so-called backward volume magnetostatic waves (BVMSW). The direction of the field was chosen to be opposite to that of the magnetic field created by the current flowing in the gold conductors. Therefore, the strength of the static field was locally decreased in the area close to the conductors. To avoid overheating of the sample the experiments were performed in the pulsed regime with the repetition period of 50 s. The duration of microwave pulses exciting spin waves was 50 ns, whereas the duration of current pulses was 300 ns. The experiments were performed at relatively small input microwave power P IN 1 mW providing the linear propagation of spin waves. Figure 2 illustrates the process of spin-wave tunneling through a double-barrier structure created by transmission of equal currents through the both gold conductors. BVMSW are characterized by the backward dispersion; i.e., they possess an upper cutoff frequency (depending on the field) f 0 at the zero wave vector and a negative group velocity [19] . The solid line in the figure shows the dependence f 0 x calculated for the typical parameters used in the experiments: H 1440 Oe and I B 0:6 A. Since the frequency of spin waves decreases with increasing wave number, the allowed frequencies for a given x are smaller than f 0 x, as indicated in Fig. 2 by shadowing. The positions of the conductors correspond in Fig. 2 to x L=2. The upper cutoff frequencies at these points are F 0 -f, where F 0 f 0 1. For a spin wave with a frequency f < F 0 -f the field inhomogeneity causes a local modification of its wave number [1] . For F 0 -f < f < F 0 , however, the inhomogeneity creates two areas forbidden for propagation, i.e., potential barriers. In order to characterize these barriers quantitatively we use f as the barrier height.
One might expect that the transmission coefficient for tunneling through two barriers is smaller than that for a single barrier with the same height due to the sequential tunneling of the spin wave. Nevertheless, considering two barriers placed at a small distance from each other, one should take into account the spin-wave quantization phenomenon similar to that observed for micrometer-sized magnetic wires and rectangles [20] . Because of this phenomenon quantized spin-wave states are formed in the potential well existing between the barriers, which should noticeably affect the tunneling of spin waves through the double-barrier structure. Figure 3 shows the measured transmission coefficients for single-barrier (T S ) and double-barrier (T D ) structures. They were obtained as the ratio between the microwave powers detected at the output antenna P OUT with and without current creating the barriers. The dashed lines in each panel correspond to the single barrier, whereas the solid lines show the results for two barriers of the same height. Figures 3(a)-3(c) correspond to the barrier height f 100, 150, and 200 MHz, respectively. As seen from Fig. 3 , the transmission coefficient of the single barrier T S just slightly depends on the spin-wave frequency. It increases with decreasing frequency due to the decrease of the effective width of the barrier. In contrast, the transmission coefficient of a double-barrier structure T D shows well-defined resonant peaks as the spin-wave frequency is varied. The central frequency of these peaks f q decreases with increasing barrier height f. The estimated wave numbers of the incident spin wave for the three shown 
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127204-2 cases are 210, 295, and 370 cm ÿ1 , respectively. The corresponding half-wavelengths 150, 106, and 85 m are comparable with the distance between the barriers L 115 m, which allows the identification of the observed resonance as the lowest-order resonance in the potential well. Note, that in the frequency regions outside the resonant bands the transmission of a double-barrier structure approaches T S 2 , which is expected for the sequential tunneling of the spin-wave packet through two identical single potential barriers neglecting quantization effects. At the same time, at the resonant frequencies f q , T D significantly exceeds T S 2 , which is associated with an influence on the tunneling process of the quantized spin-wave states.
The enhanced resonant tunneling is further characterized by Fig. 4 where the transmission coefficients T D and T S 2 at resonant frequencies f q are shown (circles) as functions of the barrier height f. As seen from the figure, the transmission coefficient for the two single barriers monotonously decreases with increasing f, as expected [2] , while the transmission coefficient of the double-barrier structure shows a minimum at f 170 MHz. Squares in Fig. 4 show the ratio T D =T S 2 demonstrating the growth of the enhancement of the tunneling with increasing f. For the highest realized barriers the tunneling of spin-wave packets through the double-barrier structure exceeds the out-of resonance sequential tunneling through two single potential barriers by a factor of 5.5.
In order to prove that the observed enhancement is due to quantized spin-wave states, we estimated their frequencies. For such estimations we used the theory for dipolar spin waves developed in [19] . The spatial distribution of the amplitude of dynamic magnetization mx for the fundamental quantized state was taken in the form: mx / cosx, where is the resonant wave number of the fundamental quantized state. It is connected with the pinning parameter for the dynamic magnetization at the turning points, d, [21] by the transcendental equation d tanw=2, where w is the distance between the turning points (see Fig. 2 the pinning parameter can be calculated for spin-wave reflection from a boundary of a magnetic film [21] , its determination for spin-wave reflection from a potential profile is not trivial. Figure 5 shows the comparison of resonant frequencies calculated using as a fit parameter (lines) with experimentally measured ones (circles). The two dashed lines represent the calculated frequencies for two fixed values 0:60=w and 0:96=w. These values give the best coincidence for the smallest and the highest barriers, respectively. Nevertheless, none of them can be used to obtain reasonable agreement between the experimental and the calculated frequencies in the entire range of the barriers height. Therefore, one can directly conclude that the pinning parameter (and, as a consequence, the resonant wave number) increases with increasing barrier height. In the first approximation this change can be assumed to be linear. The results of calculations based on the assumption of changing linearly from 0:6=w to 0:96=w with the barrier height increasing from 100 to 200 MHz are shown in Fig. 5 by the solid line. As seen from the figure, the agreement between the experimental and the calculated frequencies is rather good. From the above analysis one can make an important conclusion that the quantized spinwave states existing in a potential well between the two barriers are characterized by a resonant wave number, which depends on the spatial profile of the double-barrier system and can change relatively strongly reaching the condition of complete pinning for the case of high and wide barriers.
In conclusion, we have observed the resonant tunneling of spin-wave packets through a system with two closely situated potential barriers. Because of the influence of the spin-wave quantization phenomena the resonant tunneling can be by a factor of 5.5 more efficient than sequential tunneling through two single potential barriers of the same height and width as those for the barriers constituting the double-barrier system. The comparison of the observed resonant frequencies with calculated ones shows that the quantized spin-wave state existing in the potential well between the two barriers is characterized by a resonant wave number strongly depending on the profile of the double-barrier potential.
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